Omp85 proteins are essential proteins located in the bacterial outer membrane. They are involved in outer membrane biogenesis and assist outer membrane protein insertion and folding by an unknown mechanism. Homologous proteins exist in eukaryotes, where they mediate outer membrane assembly in organelles of endosymbiotic origin, the mitochondria and chloroplasts. We set out to explore the homologous relationship between cyanobacteria and chloroplasts, studying the Omp85 protein from the thermophilic cyanobacterium Thermosynechococcus elongatus. Using state-of-the art sequence analysis and clustering methods, we show how this protein is more closely related to its chloroplast homologue Toc75 than to proteobacterial Omp85, a finding supported by single channel conductance measurements. We have solved the structure of the periplasmic part of the protein to 1.97 Å resolution, and we demonstrate that in contrast to Omp85 from Escherichia coli the protein has only three, not five, polypeptide transport-associated (POTRA) domains, which recognize substrates and generally interact with other proteins in bigger complexes. We model how these POTRA domains are attached to the outer membrane, based on the relationship of Omp85 to two-partner secretion system proteins, which we show and analyze. Finally, we discuss how Omp85 proteins with different numbers of POTRA domains evolved, and evolve to this day, to accomplish an increasing number of interactions with substrates and helper proteins.
Omp85 proteins are essential, highly conserved proteins in the outer membrane of Gram-negative bacteria. They mediate the biogenesis of almost all ␤-barrel proteins in the bacterial outer membrane (1) . The substrate proteins are recognized by a species-specific motif at the C terminus, typically ending with an aromatic residue (2) . The Omp85 proteins of proteobacteria, also referred to as BamA, form a protein complex with three to four lipoproteins (BamB-E) designated the Bam complex in Escherichia coli (3, 4) . Homologues of Omp85 also exist in the outer membrane of chloroplasts (translocon at the outer envelope membrane of chloroplasts (Toc75)) and mitochondria (sorting and assembly machinery component of 50 kDa (Sam50) or, alternatively, topogenesis of mitochondrial outer membrane ␤-barrel proteins (Tob55)), where they are part of multicomponent membrane protein complexes (5) (6) (7) (8) (9) (10) . This homology and the conserved function of the complexes in prokaryotes and in eukaryotic organelles are major molecular evidence for the endosymbiont theory, which states that chloroplasts arose from cyanobacteria, and mitochondria from primitive ␣-proteobacteria, which were incorporated into the first simple eukaryotic cells (11) (12) (13) (14) . Although Sam50 is the only member of the Omp85 family in mitochondria involved in the assembly and insertion of outer membrane proteins, there exist at least two distinct proteins in the outer envelope of chloroplasts, Toc75-III and Toc75-V (Oep80 in Arabidopsis), and several isoforms thereof (15, 16) . Toc75-III, embedded in the Toc-complex, functions as the translocation pore for chloroplast proteins that are encoded on the nuclear DNA. In mitochondria, this task is accomplished by the TOM complex, whereas in bacteria the outer membrane precursors are translocated through the cytoplasmic (inner) membrane by the Sec machinery. Toc75-V/Oep80 was shown to be essential in Arabidopsis; however, its role in the assembly of chloroplast outer envelope proteins still needs to be elucidated (9, 16) .
Within bacteria, additional Omp85-like proteins exist, which fulfill a more specialized transport function, e.g. the type Vb secretion systems, comprising FhaC of Bordetella pertussis or ShlB of Serratia marcescens. Their genes are often found in operons with their specific transport substrates, giving rise to the alternative name of two partner secretion systems (TPSS). The transported proteins are typically adhesion or hemolysin proteins, which are either bound to the transporter on the bacterial cell surface or released into the medium (17) (18) (19) .
Omp85 proteins, including the TPSS proteins, share a common domain composition as follows: a ␤-barrel pore at the C terminus and a variable number of polypeptide transport-associated (POTRA) 3 domains at the N terminus (17, 20) . POTRA domains show a ␤␣␣␤␤ topology; they are localized in the bacterial periplasm, and presumably recruit substrate proteins, coordinate the complex partners, and/or mediate homooligomerization (21) (22) (23) (24) .
Structural data exist of full-length FhaC from B. pertussis, which contains two POTRA domains (17) , and of the BamA POTRA domains 1-4 (of 5) from E. coli (25) , both obtained by x-ray crystallography. No detailed structural information on the eukaryotic members of the Omp85 family, namely Sam50/ Tob55 from mitochondria and Toc75 from chloroplasts or of the closely related cyanobacterial Omp85, is available to date.
In cyanobacteria, neither a Toc-like nor a Bam-like complex has been identified. Moreover, cyanobacterial Omp85 proteins, as Toc75, include only three POTRA domains, not five as in proteobacteria. These findings prompted us to further study this protein, as it seems to work independently from other complex components and has a different and apparently simpler domain composition compared with proteobacterial Omp85.
Here, we report the first three-dimensional structure of all three POTRA domains from Omp85 of the thermophilic cyanobacterium Thermosynechococcus elongatus (TeOmp85). We demonstrate that the electrophysiological characteristics of TeOmp85 in the presence or absence of the POTRA domains correspond well to those of other Omp85 family members. Furthermore, we identified, annotated, and classified 567 POTRA domain-bearing proteins from all kingdoms of life, and we show that even though they strongly differ in their number of POTRA domains, their homologous relationships across species can be studied using state-of-the-art homology detection tools. We find that the most C-terminal POTRA domain is best conserved between species, followed by the most N-terminal POTRA domain, independent of how many POTRA domains are located in-between. From this observation, we draw conclusions on how more complex Omp85 proteins with up to seven POTRA domains may have evolved from relatively simple ancestor proteins and that these ancestor proteins must have been already present when the first endosymbiotic events occurred.
EXPERIMENTAL PROCEDURES
Molecular Biology-All constructs were obtained by PCR amplification using genomic DNA isolated from T. elongatus BP1 cells. The primers used are given in supplemental material S1. The PCR products of TeOmp85 and TeOmp85-C were digested with BsaI and ligated in the vector pASK-IBA33 ϩ (C-terminal His 6 tag; IBA, Goettingen, Germany). The PCR product of TeOmp85-N was digested with BamHI and NdeI and ligated in the vector pET15b (N-terminal His 6 tag; EMD Biosciences, Madison, WI).
Protein Production-E. coli BL21 (DE3) omp8 cells (26) were transformed with the given plasmids. The cells were grown in Luria Bertani medium in shaking flasks at 37°C, and production of the proteins was induced at an A 578 of 0.6 by adding 0.2 g/ml anhydrotetracycline (pASK-IBA33 ϩ vectors) or 1 mM isopropyl 1-thio-␤-D-galactopyranoside (pET15b vector), respectively. After 4 h, the cells were pelleted in a centrifuge.
Production of L-Selenomethionine-labeled TeOmp85-N-E. coli BL21 (DE3) C41 cells (27) were transformed with the plasmid pTeOmp85-N. The cells were grown in Luria Bertani medium to an A 578 of 0.6, harvested using a centrifuge, washed with M9 minimal medium, and resuspended in SeMet/M9 medium for selenomethionine labeling (28) . All other steps were conducted as described above.
Purification of TeOmp85 and TeOmp85-C-The cells were resuspended in 30 ml of resuspension buffer (150 mM NaCl, 10 mM MgCl 2 , 10 mM MnCl 2 , 20 mM Tris-HCl, pH 8.5, and a pinch of DNase I) and lysed using a French press. Because of the overall hydrophobic character of the proteins, they precipitated as inclusion bodies after translation. The inclusion bodies were harvested by spinning the cell lysate at 4000 ϫ g at 4°C for 30 min. The pelleted inclusion bodies were resuspended in 150 mM NaCl, 20 mM Tris-HCl, pH 8.5. Lauryldimethylamine N-oxide was added to a final concentration of 1% (w/v), and the suspension was incubated on a shaker for 1 h at room temperature. The inclusion bodies were subsequently pelleted at 4000 ϫ g, 4°C for 30 min and washed four times with water. The pellet was finally resuspended in three times its volume water and stored at Ϫ20°C. For fast protein liquid chromatography purification, an aliquot of inclusion body suspension was solubilized in 6 M guanidinium HCl, 500 mM NaCl, 10% glycerol, 20 mM Tris-HCl, pH 8.5, and applied on a nickel-nitrilotriacetic acid column (nickel-Sepharose, GE Healthcare) equilibrated in the same buffer. The proteins were eluted by the application of a 0 -500 mM gradient of imidazole (29) .
Refolding of TeOmp85 and TeOmp85-C-The purified proteins were precipitated in a final concentration of 90% (v/v) EtOH at Ϫ20°C. The precipitate was washed with water and solubilized in 8 M urea, 20 mM Tris-HCl, pH 8.5. The proteins were refolded by fast dilution with a 20-fold excess of 1% lauryldimethylamine N-oxide, 20 mM Tris-HCl, pH 8.5, at room temperature. Residual urea was removed by dialysis for 24 h against the refolding buffer.
Purification of TeOmp85-N-The cells were resuspended in 30 ml of resuspension buffer (150 mM NaCl, 10 mM MgCl 2 , 10 mM MnCl 2 , 20 mM Tris-HCl, pH 8.5, and a pinch of DNase I) and lysed using a French pressure cell. Cell debris was removed by spinning the lysate for 30 min at 60,000 ϫ g, 4°C. For FPLC purification, the supernatant was then applied to a nickel-nitrilotriacetic acid column (nickel-Sepharose, GE Healthcare) equilibrated with 150 mM NaCl, 20 mM Tris-HCl, pH 8.5. For elution, a 0 -500 mM gradient of imidazole was applied. The fractions with pure protein were pooled and concentrated using spin concentrators (Amicon, 30-kDa cutoff, Millipore). For polishing, the protein was applied to a preparative gel sizing column (Superdex 200, GE Healthcare) equilibrated with 150 mM NaCl, 20 mM Tris-HCl, pH 8.0.
Crystallization of TeOmp85-N-The protein was concentrated to 30 mg/ml as determined by the BCA assay (Thermo Fisher Scientific, Rockford, IL). Crystals of TeOmp85-N were obtained at 293 K by the vapor diffusion hanging drop method against 200 l of a reservoir solution. Crystal drops were prepared by mixing 2.5 l of protein at 30 mg/ml concentration with 2.5 l of reservoir solution. Crystals were obtained with 8% PEG 4000, 0.8 M LiCl, 0.1 M Tris-HCl, pH 8.5, with a size of up to 300 ϫ 300 ϫ 300 m.
X-ray Data Collection-All diffraction data were collected at the Swiss Light Source beamline X10SA (PXII) at the Paul Scherrer Institut (PSI) in Villigen, Switzerland. Data were recorded on a mar225 CCD detector (Marreserach GmbH, Norderstedt, Germany). X-ray data of the native crystals were acquired at a wavelength of 0.933 Å and of the SeMet derivative at 0.9782 Å. For the SeMet experiments, 360 images with 1°r otation were recorded for subsequent structure determination by the single anomalous dispersion technique. Single crystals were flash-frozen in their mother liquid supplemented with 30% PEG 400, and data collection was performed at 100 K. Native crystals diffracted to 1.97 Å and SeMet derivatized crystals to 2.1 Å, respectively. The crystal system is I432 with cell constants of a ϭ 156.51 Å, ␣ ϭ 90°.
Data Processing, Structure Determination, and Refinement-The single anomalous dispersion data of the Se-Met crystal were integrated, merged, and scaled using the program package XDS/XSCALE (30). One selenomethionine site was located, and experimental phases were calculated using the program package SHARP (31) . A partial model was built automatically using ArpWarp (32) ; missing parts of the protein were built manually and initially refined against the derivative data set. This initial model was further refined against the native data by several cycles of model rebuilding with COOT (33) and automatic refinement using REFMAC (34) . Solvent waters were added using the COOT program. The N-terminal His 6 tag and 45 residues as well as the last glycine residue of the protein domain were absent in the model. The geometry was finally checked with PROCHECK (35) . The x-ray data statistics are listed in Table 1 .
TeOmp85-C Modeling and Sequence Analysis-The sequence of the C-terminal domain of TeOmp85 (TeOmp85-C) was used to identify protein models with significant similarity in the Protein Data Bank data base (release date December 20, 2009) using the program HHpred (36) . The best hit was with the FhaC structure (Protein Data Bank code 2qdz; see supplemental material S5). The sequence of TeOmp85-C was modeled onto this structure using the program Modeler (37) . Regions of highest conservation were identified using the FRpred program (38) .
Protein Data Bank Depositions-The atomic coordinates for the crystal structures of TeOmp85-N have been deposited in the Protein Data Bank under the accession number 2x8x.
Single Channel Conductance Measurements-Single channel conductance values were recorded using a BLM workstation (Warner Instruments, Hamden, CT) with a BC-535 amplifier and LPF-8 Bessel filter connected to an Axxon Digidata 1440A digitizer. Data were recorded and evaluated using the pClamp 10.0 software (Molecular Devices, Sunnyvale, CA) supplied with the digitizer. 0.5 l of a 1% (w/v) solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine in 1:1 (v/v) methanol/ chloroform was applied to a 150-m aperture in the 1.2-ml polysulfone cuvette (Warner Instruments). After evaporation of the solving agents, the cuvette was filled with the measurement buffer, which was 1 M KCl, 10 mM Tris-HCl, pH 8.5. 1 l of a 1% (w/v) solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine in 9:1 (v/v) n-decan/butanol was painted onto the 150-m aperture of the cuvette. 10 l of protein solution (1 mg/ml) was added to the cuvette, which contained the ground electrode of the setup.
Annotation of POTRA Domains-Omp85, TpSS, FtsQ, and patatin-like protein sequences were obtained by PSI-BLAST (39) searches against selected databases of fully sequenced genomes available in November 2008. The respective NCBI taxonomy identifiers are given in supplemental material S2. The gene identifiers of the query protein sequences are given in Tables 2 and 3 . In every case, PSI-BLAST was used only with a single iteration to prevent corruption of the results. The secondary structure of the PSI-BLAST results was annotated using the tool Quick2D provided in the bioinformatics toolkit server of the MPI for Developmental Biology, Tübingen, Germany (40) . Typically, the PSIPRED (41) result was used to determine POTRA and ␤-barrel domains. Subsequently, the protein sequences were ordered by the number of POTRA domains, and every POTRA domain was given a specific header indicating its origin and its position within the protein.
Annotation of ␤-Barrel Domains-The ␤-barrel portion was considered to be the sequence immediately following the most C-terminal POTRA domain to the C terminus. Information about the number of POTRA domains was included in the sequence header.
Cluster Analysis of POTRA and ␤-Barrel Domains-For phylogenetic analysis, the derived POTRA sequences were clustered using CLANS (42) . Singletons showing no pairwise BLAST connections better than 1 ϫ 10 Ϫ15 were discarded. Only pairwise BLAST p values better than 1 ϫ 10 Ϫ2 (POTRA analysis) or 1 ϫ 10 Ϫ4 (␤-barrel analysis) were chosen to exert attractive forces. After formation of distinct clusters, the clustering space was reduced to two dimensions. The intensity of the connecting lines is proportional to the reciprocal of the pairwise BLAST p value ranging from light gray (POTRA analysis, 1 ϫ 10 Ϫ2 ; ␤-barrels analysis, 1 ϫ 10 Ϫ4 ) to black (POTRA domain analysis, 1 ϫ 10 Ϫ20 ; ␤-barrel analysis, 1 ϫ 10 Ϫ40 ). 
RESULTS

Bioinformatics
Data Acquisition and Processing-POTRA domains occur in different protein families. The most prominent examples are the Omp85 and TPSS proteins in Gram-negative bacteria and the Omp85 homologues in mitochondria and chloroplasts of eukaryotes, Sam50 and Toc75, respectively. Moreover, POTRA domains are found in the highly conserved cell division protein FtsQ in Gram-negative bacteria and its homologue DivIB in Gram-positive bacteria (20) . Their occurrence in a number of different essential proteins spread over all kingdoms of life makes it interesting to analyze the evolutionary history and present relationships of the POTRA domain proteins. To this end, we identified POTRA domains from all sequenced genomes but mostly excluding multiple genomes of the same species. The initial PSI-BLAST search was run against 441 fully sequenced genomes (available in November 2008, see supplemental material S2) using TeOmp85 as the query sequence. The search result included Omp85 proteins with four to seven POTRA domains, TPSS proteins, cyanobacterial Omp85 with three POTRA domains, chloroplast Toc75, and finally three TPSS-like proteins with an additional N-terminal domain. Because some proteins, e.g. the TPSS proteins and the Omp85 proteins with 4, 6, and 7 POTRA domains, were under-represented in the result, follow-up searches were performed using the specific sequences found in the initial search as query sequences to increase the size of the data base (see Tables 2 and  3 ). In total, 567 POTRA domain proteins were included in the further analysis. At least one Omp85 protein was found in every genome, except in genomes of the archaea and the firmicutes, chloroflexi, mollicutes, and actinobacteria, which are commonly referred to as Gram-positive bacteria. Some cyanobacterial strains like Nostoc sp., Anabaena sp., or Trichodesmium sp. have up to three isoforms. Pathogenic proteobacteria like Pseudomonas sp., Burkholderia sp., Ralstonia sp., Bartonella sp., Yersinia sp., Haemophilus sp. and also Fusobacterium sp. contain several isoforms of the TPSS proteins.
The resulting sequences were analyzed using the tool Quick2D as described above, annotating POTRA domains by locating the ␤␣␣␤␤ secondary structure topology motif. Every POTRA domain sequence was annotated with a header, including information about the position of the domain in the protein and the gi number of the protein, e.g. in E. coli, BamA, the N-terminal POTRA domain was annotated as POTRA1. The barrel domains were exclusively located at the C terminus of the protein and always followed directly after the last POTRA domain. The domain composition of the proteins is illustrated in Fig. 1 ; for the complete list of annotated POTRA and ␤-barrel domains see supplemental material S3.
Cluster Analysis of POTRA Domains of Omp85 Homologues-We clustered the extracted POTRA and the ␤-barrel domains separately using CLANS (42) to visualize their sequence relationships ( Fig. 2 ). CLANS is a Java TM applet, which compares protein sequences using pairwise BLAST E-values. Protein sequences (represented by a dot) are seeded into a three-dimensional space and are mutually attracted due to a virtual force proportional to their pairwise p-value, which is the log BLAST E-value and indirectly indicates the degree of sequence similarity. Per default, every sequence dot is equipped with a mild repulsion force to prevent the complete collapse of the system. Highly similar sequences cluster together, and after some rounds the clustering space is reduced from three to two Thermosynechococcus Omp85 Structure and Function JUNE 4, 2010 • VOLUME 285 • NUMBER 23
dimensions. The intensity of the lines connecting the sequence dots is proportional to the reciprocals of the pairwise BLAST p values. Only connections with p values below 1 ϫ 10 Ϫ2 were chosen to exert an attractive force on the sequences and are shown in the map. The cluster map of the POTRA domains is shown in Fig. 2A . For reasons of clarity, the figure shows only the analysis of Omp85 with five POTRA domains and cyanobacterial Omp85 proteins (cyOmp85) with three POTRA domains, Toc75, Sam50, and TPSS proteins. At first glance, every POTRA domain forms clusters with others that have the same position in closely related proteins. cyOmp85, Toc75-III, and Toc75-V POTRAs cluster very close together (see also alignment in supplemental material S4). The clusters of the N-and C-terminal POTRA domains of Toc75, cyOm85, and Omp85 are in close proximity, joined by the clusters of the single POTRA domain of the Sam50 proteins. However, at the p value cutoff chosen for the clustering, there are no connections between the mitochondrial (Sam50) and the chloroplast/ cyanobacterial (Toc75 and cyOmp85) clusters, illustrating the huge evolutionary distance between them. The Sam50 proteins form several subclusters for sequences derived from fungi, protozoa, yeasts, plants, and animals. The sequences of the yeast Sam50 POTRA domains show the strongest divergence and therefore cluster in the periphery of the map.
Clusters of the central Omp85 POTRA2, -3, and -4 form a triangle-like network quite distant from the N-and C-terminal POTRA domains. The cyOmp85/Toc75 central POTRA2 cluster is located even further away, with strong BLAST connections to POTRA2 and -4 of Omp85. The clusters of the C-terminal POTRA domain of Omp85 and cyOmp85/Toc75 are the most compact ones indicating a highly conserved sequence and, most likely, function of this domain, which is closest to the transmembrane ␤-barrel.
Cluster Analysis of POTRA Domains of TPSS Proteins-TPSS proteins are related to Omp85, but include only two POTRA domains and a C-terminal ␤-barrel (see Fig. 1 ). The N-terminal POTRA1 (of 2) domains of cyanobacterial and proteobacterial TPSS cluster together and with the central POTRA2 (of 3) domain of cyOmp85 and Toc75.
The clusters of the C-terminal POTRA2 domains of TPSS proteins from cyanobacteria and proteobacteria are distant from each other and are located in the periphery of the map, only weakly connected with other clusters. This is in strong contrast to the C-terminal POTRA domains of cyOmp85, Toc75, Omp85, and the POTRA of Sam50. They are highly conserved and cluster closely together. This indicates a different function for the C-terminal POTRA domain of TPSS and Omp85 proteins and probably reflects the difference in specific (TPSS) versus unspecific (Omp85) substrates. To date, no functional data exist about the cyanobacterial TPSS proteins. The proteobacterial TPSS proteins have been shown to secrete a number of large exoproteins like hemagglutinins, hemolysins, or adhesins (17, 19, (43) (44) (45) . Serratia ShlB activates its hemolysin upon secretion. Mutants that secrete inactive hemolysin had insertions in the POTRA2 domain (46) , indicating a possible adaptation in this POTRA domain toward processing of the specific substrate. This would explain the sequence divergence for the TPSS POTRA2 from cyanobacteria and proteobacteria.
Some of the cyanobacterial TPSS proteins are encoded in operons with their putative substrates, in some cases with multiple copies of the putative substrate. An example for the latter case is the TPSS protein All5116 of Nostoc sp. PCC 7120, which forms an operon with the proteins All5110 to All5115, all featuring a hemagglutinin-like domain. A special case are TPSS proteins of Trichodesmium erythraeum, e.g. Tery_3487, which is a gene fusion with the transported substrate, resulting in a protein with a large N-terminal hemagglutinin-like domain followed by the TPSS part consisting of the two POTRA domains and the ␤-barrel.
Omp85 of Chlamydiaceae-The POTRA domains 2-5 of the Chlamydiaceae form separate clusters in close proximity to the respective Omp85 clusters (data not shown). However, POTRA1 of the Chlamydiaceae clusters apart from the rest. This is in strong contrast to the high similarity of POTRA1-5 seen for all other Omp85 proteins in this study. The strong sequence divergence of the chlamydial POTRA1 domain implies a specific role for this domain not present in other Omp85s.
Omp85-related Proteins with Unusual Numbers of POTRA Domains-The vast majority of bacterial Omp85 proteins in the data base include five POTRA domains. However, there are a few exceptions to the rule. The Omp85 of Fusobacteria (fuOmp85) have four POTRA domains, with POTRA1, -3, and -4 corresponding best to POTRA1-3 of cyOmp85 (data not shown). The POTRA domain 2 of fuOmp85 also clusters closest to POTRA3 of cyOmp85, indicating a domain duplication event, probably of a unit of two POTRAs. Fusobacteria are tooth plaque bacteria that have been reported to be prone to horizontal gene transfer, their genome consisting of genes from clostridiales and Gram-negative bacteria, and a rather recent acquisition of the outer membrane from proteobacteria is discussed (47) . However, the sequence analysis of the fuOmp85 domains rather indicates a relationship to cyOmp85. This is further supported by the finding that the POTRA domains of Omp85 of other tooth plaque bacteria, for example Selenomonas flueggi, a member of the clostridales, perfectly align to those of cyOmp85 (see supplemental material S4).
In Thermus sp., Deinococcus sp., and some ␦-Proteobacteria, the Omp85 homologues include six POTRA domains. Compared with other proteobacterial Omp85 proteins, there is one additional POTRA domain at the N terminus, which forms a separate cluster, whereas the consecutive potras (POTRA2-6) cluster with the respective POTRA1-5 from Omp85 (data not shown). The largest number of POTRA domains, namely seven, can be found in Omp85-related proteins in Myxococcales (which are ␦-Proteobacteria) and Acidobacteria. These proteins are found in addition to the regular Omp85s with five POTRAs within these species. Five of the POTRA domains show sequence similarity with the five POTRAs of the respective Omp85 of each strain, but the positions of the additional two POTRA domains are different between strains. This provides evidence for recent and independent evolutionary events in these proteins. Again, the C-terminal POTRA7 clusters with the C-terminal POTRA domains of Omp85.
Cluster Analysis of the ␤-Barrel Domains of Omp85 and TPSS Homologues-␤-Barrel outer membrane proteins are a large protein family, which evolved in a modular fashion by ␤-hairpin duplication (48, 49) . Accordingly, the ␤-barrel domains of Omp85 and related proteins show a much higher degree in conservation than their POTRA domains, illustrated by the difference in p-value cutoffs between both cluster analyses. The clustering of the ␤-barrel domains yields in principle the same pattern as seen in the clustering of the POTRA domains (compare Fig. 2, A and B) , albeit less complex as only one domain per protein is considered. cyOmp85, Toc75-III, and Toc75-V (Oep80) cluster strongly but form discrete subclusters (see Fig.  2B ), similar to what is observed in the POTRA domain cluster map, and emphasizing the endosymbiotic origin of plant chloroplasts. These clusters are not directly connected to the mitochondrial (Sam50) clusters. The proteobacterial Omp85 ␤-barrels are found in a big cluster, with the sequences of Bacteroides sp., Grammella sp., Cytophaga sp., and Chlorobium forming satellite clusters. The cluster of Fusobacterium sp., Veillonella, and Selenomonas Omp85 ␤-barrels is located halfway between the cyOmp85 and the Omp85, most likely the result of the evolution of these proteins from the recombination of horizontally acquired genes of cyanobacterial and proteobacterial ancestry as discussed above. The sequences of the proteobacterial TPSS ␤-barrels are forming a rather disperse cluster, which is distinct from the cyanobacterial TPSS. Note that the proteobacterial TPSS are only connected to the cyanobacterial TPSS cluster and not to the proteobacterial Omp85 cluster at the given cutoff. This provides further evidence for a common ancestry of all TPSS proteins as already seen in the POTRA domain cluster analysis. The Sam50 clusters comprising fungi, protozoa, plants, and animals remain distinguishable. In contrast to the sequences of their POTRA domains, the ␤-barrels of yeast Sam50 are found to cluster together with the fungal sequences.
Other Omp85-related Proteins-In the PSI-BLAST results, we found a number of proteobacterial YtfM-like proteins with three POTRA domains. YtfM has recently been reported to be nonessential, but the knock-out of the gene resulted in impaired growth (50) . The clustering of the POTRA domains of these proteins resulted in defined clusters only for the C-terminal POTRA domain, although the others were quite dispersed in the cluster map, illustrating their strong sequence divergence. The same poor conservation is observed for the ␤-barrel domain (data not shown).
As described above, the PSI-BLAST search for Omp85 homologues yielded three uncharacterized proteins of green sulfur bacteria harboring an additional N-terminal domain (see Fig. 1, Omp-Patatin) . The sequence of CT1556 of Chlorobium tepidum was analyzed using HHPred (36) , searching proteins of known structure in the Protein Data Bank. The N-terminal domain is homologous to patatin of Solanum cardiophyllum, a nightshade plant (Protein Data Bank code 1oxw (51) ). The second half of the protein yields the TPSS protein FhaC as best ranking hit (Protein Data Bank code 2qdz; p value 2.8 ϫ 10 Ϫ31 for residues 345-752 (17)). 43 protein sequences were found in the follow-up search, including sequences from pathogenic bacteria like Ralstonia sp., Burkholderia sp., Vibrio sp., and Pseudomonas sp. Among the results, three proteins, all from Chlorobium sp., have two POTRA domains, and all others only one. The cluster analysis of the POTRA domains shows a rather disperse distribution of the sequences. The C-terminal ␤-barrel domain clusters apart from the TPSS and Omp85s (data not shown). The N-terminal patatin-like domain shows the highest degree of conservation of the three domains. We assume that because of a selection for the interaction with the patatin domain, the sequence of the transporting domains diverged from those of TPSS or Omp85 proteins.
None of the proteins found in the query has been characterized so far, but patatin from S. cardiophyllum has been shown to be an unspecific lipid acyl hydrolase with insecticidal activity. The catalytic Ser-Asp dyad is conserved in the bacterial proteins found in the query. The architecture resembles that of the TPSS protein Tery_3487, which is a fusion of the transported substrate and the secretion proteins (see Fig. 1 ). The patatin domain might be secreted through the pore and either released after cleavage or presented to the outside medium in an autotransporter fashion. Similar to TPSS proteins, the POTRA domains could assist in the secretion process. The function and the topology of this protein family need to be addressed experimentally.
FtsQ and DivIB-FtsQ is a component of the essential Fts complex of proteins that mediate the septum formation initiating the cell division (52) . Bioinformatic analysis has revealed that this protein also harbors a POTRA domain and the structure reported recently confirmed this finding (20, 53) . In the cluster analysis of FtsQ/DivIB together with Omp85 POTRA domains, the FtsQ/DivIB sequences form a compact cluster with very remote connections to all POTRA clusters of Omp85 (data not shown). As for the POTRAs of Omp85-like patatins, the sequences probably diverged because of the optimization for different interaction partners, which are in this case components of the Fts-Div complex. Yet the hydrophobic residues that provide the POTRA signature are conserved also in FtsQ/ DivIB. The POTRA domain is located at the cytoplasmic membrane surface, preceded by the N-terminal transmembrane segment (see Fig. 1 ). The structural similarity (53) and the proposed similar function, which is protein-protein interaction for both Omp85 and FtsQ POTRAs, provide evidence that the domains share a common origin.
Electrophysiological Characterization of TeOmp85 and TeOmp85-C
The C-terminal domain of TeOmp85 forms a ␤-barrel in the outer membrane. The existence of a periplasmic domain at the N terminus, formed by the POTRA domains and an additional disordered proline-rich region N-terminal to the POTRA domains, prompted us to compare the electrophysiological properties of the pore in the presence and absence of the soluble portion of the protein. We conducted the electrophysiological characterization in a black lipid bilayer setup using TeOmp85 and a truncated mutant, TeOmp85-C. The latter includes only the C-terminal ␤-barrel pore (residues 281-635).
Recombinantly produced TeOmp85 was added to the cisside of the membrane and inserted not immediately but very reliably after some time at voltages around ϩ100 mV. The measurements were recorded at a constant potential of ϩ100 mV. Several different conductance states were observed, one abundant state at ϳ80 pS, a medium conductance state at ϳ600 pS, and a high conductance state at ranging from 1.5 to 4 nS.
After the insertion, TeOmp85 usually flickers in an erratic fashion to eventually establish a channel at a conductance level of ϳ80 pS (see Fig. 3A ). Sometimes the channel immediately opened up to form higher conductance level from 500 pS to 4 nS. After lowering the membrane potential for some minutes to 50 mV, the channel reduced its activity, and one could only observe the low conductance state again or the channel closed completely. This phenomenon can also be observed in the I/V plots of TeOmp85 (Fig. 3C , average of three voltage ramps started from negative membrane potentials), where the slope of the current becomes steeper with increasing voltage, showing the opening of additional channels and an increased altitude of flickering. In contrast, when negative voltage is applied, the channel tends to flicker to the closed state.
The medium conductance state of ϳ600 pS at Ϫ100 mV and 1 nS at ϩ 100 mV showed almost no conductance fluc-tuations, which is also illustrated by the small error bars in the plot (see Fig. 3C, upper right) . The high conductance state of ϳ4 nS showed an almost point symmetric I/V curve with the channel sometimes flickering to a higher conductance state with increased voltage, resulting in bigger standard errors (see Fig. 3C, lower left) .
In contrast to TeOmp85, the truncated protein TeOmp85-C refolded from inclusion bodies inserted readily and more quickly into the membrane, often in a way that several proteins followed the insertion of the first one, leading to a stepwise increase of the current (see Fig. 3, B and D) and finally to membrane rupture within a matter of minutes. However, we also obtained measurements where single channels were established. The channel seemed to become very unstable with increasing voltage, so that all long time measurements had to be conducted at ϩ50 mV to allow recording of discrete conductance steps. Measured at 50 mV, the channel showed a similar gating behavior as the fulllength protein (measured at ϩ100 mV), and also the same three conductance states could be observed, with the medium conductance state of ϳ600 pS stronger represented as in the distribution for TeOmp85 (compare Fig. 3 , E, TeOmp85; F, TeOmp85-C).
The soluble N terminus might fulfill a stabilizing role for the channel, accomplished by interactions of the C-terminal POTRA domain with the periplasmic turns connecting the ␤-strands of the pore. This can also be observed in the crystal structure of the related TPSS protein FhaC from B. pertussis, where the N terminus forms a helix inside the pore and the second POTRA domain in its close proximity (17) . Sequence and secondary structure alignments with HHPred indicate a pore of at least equal size as the one of FhaC (supplemental material S5). The two ␣-helices and the adjacent loops from and to ␤-strands 1 and 2 of POTRA2 of B. pertussis FhaC wrap around the ␤-barrel turns 1 and 2 forming several salt bridges. A similar scenario can be expected for TeOmp85. The alignment shows an even more extended loop from ␤-strand 1 to ␣-helix 1 of POTRA3 than in FhaC POTRA2 (each representing the most C-terminal POTRA domain). Moreover, the sequence of this region features a rather high portion of charged residues as follows: 20 of 62 (6 arginines, 3 lysines, 6 aspartate, and 5 glutamates) compared with 10 of 44 in POTRA2 (3 arginines, 2 lysines, 1 aspar- tate, and 4 glutamates). The unstructured, proline-rich N terminus might fold back into the channel just as the N-terminal helix does in FhaC, but this should lead to a strongly decreased conductance of the full-length protein, which is not observed.
The conductance of TeOmp85 is in the range of other cyanobacterial Omp85s, plant Toc75 and TPSS proteins reported before (17, 22, 54 -56) and higher than that of proteobacterial Omp85 (2, 54, 57, 58) and Sam50 (6, 54) . For TeOmp85, the deletion of the POTRA domains leads to a destabilization of the pore at higher voltages. The deletion of the POTRA domains has been shown to have diverse effects on the channel conductance of Omp85 and TPSS proteins. For Omp85 of Nostoc or Toc75 of Pisum sativum, the removal of the POTRA domains resulted in a reduction of the conductance fluctuations. This is in contrast to the results reported for HMWIB of Haemophilus influenzae (55) or E. coli BamA (58) , where the N-terminally truncated proteins show stronger conductance fluctuations. Albeit being more closely related to plant Toc75 and cyOmp85 from Nostoc, TeOmp85-C behaves rather like HMWIB-C or BamA-C in our conductance measurements. The frequently observed multiple insertions of TeOmp85-C often seem cooperative, implying either the autocatalysis of membrane insertion or a propensity to oligomerize for the TeOmp85 ␤-barrel. This effect is not observed in the presence of the POTRA domains.
Structure of TeOmp85-N
The N-terminal domain of TeOmp85 was crystallized in the cubic space group I432 with one monomer in the asymmetric unit. The structure solution by heavy atom derivatization using platinum salts was not successful; however, the preparation of protein with SeMet allowed the determination by single-wavelength anomalous diffusion methods on the basis of the single methionine residue Met 227 . We determined the structure to a resolution of 1.97 Å, without the N-terminal residues 1-45 that are missing due to disorder in the crystal packing. This residue range includes a large number of prolines and is predicted to be disordered in different secondary structure prediction tools. This proline-rich sequence is found in almost all cyanobacterial Omp85 proteins. It forms a sequence stretch of variable length and remarkably low complexity, with a disproportionate content of prolines (ϳ10 -40%), alanines, and glutamates, leading to a negative net charge. The topology of this part of the protein is not known. In B. pertussis FhaC, the N terminus of the protein forms an ␣-helix within the pore, but the insertion of a charged moiety like the glutamate-rich region of cyOmp85 into the pore would severely affect its electrophysiological characteristics. This is not observed as TeOmp85-C and full-length TeOmp85 (which includes the proline-rich region) show similar conductance states (see above). The function of this conserved region still needs to be revealed. This proline-rich region is in all cyanobacteria followed by three POTRA domains. In the structure, POTRA1 (residues Leu 51 -Leu 110 ), POTRA2 (residues Gly 111 -Asp 187 ), and POTRA3 (residues Gly 188 -Glu 277 ) were modeled. The domains align with each other by a small rotation and translation between POTRA1 and POTRA2 and a translation between POTRA2 and POTRA3, respectively. Together, they form an extended banana-shaped scaffold with a 10-nm extension (see Fig. 4A and Fig. 5A ). Interactions between the individual POTRA domains are relatively weak. Interactions between POTRA1 and POTRA2 are mediated by residues Asn 153 and Arg 155 and by main chain atoms of residues located on the loop between ␣2 and ␤2 (Ala 94 -Gly 96 ). A similar arrangement is observed between POTRA2 and POTRA3, where Asn 236 and Gln 237 stabilize the equivalent loop of POTRA2 (residues Asn 171 and Gly 172 ). In addition, one H-bond is formed by Gln 193 and Arg 267 (see Fig. 4A ). The labile arrangement of POTRA domains may have consequences for their plasticity, and indeed, several different conformations were reported for the E. coli homologue.
POTRA domains form a compact ␤␣␣␤␤ mixed ␣/␤-fold with a small three-stranded ␤-sheet covered by two helices slightly twisted against each other (see Fig. 4B ). This arrangement forms a conserved hydrophobic core, with the POTRA sequence fingerprint responsible for structure maintenance (17, 25) . Mostly medium size hydrophobic residues (valines and leucines) are conserved between the individual domains.
When superimposed individually, POTRA1 and POTRA3 of TeOmp85-N align significantly better than POTRA1/POTRA2 or POTRA3/POTRA2, respectively, with a root mean square deviation (r.m.s.d.) of 1.6 Å and 17% identical residues for POTRA1/POTRA3, 2.4 Å r.m.s.d. and 18% identical residues for POTRA1/POTRA2, and 2.2 Å r.m.s.d. and 18% identical residues for POTRA2/POTRA3 (see Fig. 4C ). The structural conservation confirms the findings of the cluster analysis of the POTRA domains, which showed that POTRA1 and -3 of cyanobacterial Omp85s cluster much closer together than either does with POTRA2.
In the crystal packing the extended structure forms an interface of 1100 Å 2 with a crystallographically related molecule, which at first raised the question whether this interface would represent a biologically relevant dimerization interface. A similar interface has been reported for Omp85 (BamA), here of 1900 Å 2 (25) . However, in agreement with the findings for Omp85 using SAXS methods, neither size exclusion chromatography nor cross-linking gave any indication for an oligomeric form of this domain (24) .
To get an idea how the POTRA architecture would connect to the ␤-barrel domain, we superimposed the structure of TeOmp85-N onto the FhaC protein, the integral membrane interaction partner of the TPSS. This member of the membrane transporter superfamily forms a 16-stranded ␤-barrel with two N-terminally localized POTRA domains. POTRA domains 2 and 3 of the cyanobacterial protein align well to the POTRA domains of FhaC with an overall r.m.s.d. of 3.4 Å (see Fig. 4E ; for 140 C␣ atoms, 2.6 Å r.m.s.d. for POTRA2 TeOmp85-N / POTRA1 FhaC and 2.2 Å r.m.s.d. for POTRA3 TeOmp85-N / POTRA2 FhaC ). The similarity of the POTRA2 TeOmp85-N and POTRA1 FhaC is in good agreement with the result of our cluster analysis, where these domains clustered close together, showing very low pairwise p-values (see Fig. 2A ). In the FhaC protein, several residues were tested for their possible influence on substrate binding, and only residues on ␣-helix 2 of POTRA1 were found to suppress export of the FHA substrate protein (17) . This helix 2 corresponds to helix ␣4 on POTRA2 of TeOmp85-N. Residues Tyr 106 , Asp 107 , and Arg 108 of FhaC align well with residues Arg 169 , Asp 170 , and Asn 171 in TeOmp85-N, all having the potential to form hydrogen bonds with potential substrate proteins; note especially the exposed conserved aspartate. It is tempting to spec-ulate that this represents a functionally important (and thus conserved) region, although the function of the two proteins is slightly different (protein export versus insertion). By contrast, the superposition of TeOmp85-N with the four N-terminal POTRA domains of Omp85/BamA overall does not align as well, except for POTRA1 ( Fig. 4D shows the alignment of POTRA1, the rest of the structural alignment is not shown). In the Omp85/BamA protein, there is a significant kink between POTRA2 and POTRA3 that is comparable with the kink in the TeOmp85-N protein, here between POTRA1 and POTRA2. Another feature in the Omp85 structure was identified as ␤-strand augmentation between POTRA3 and the ␤-strand 1 of the truncated POTRA5 in the crystal (25) . Although likely to be an artifact of crystallization, the authors mention the possible importance of this pairing in vivo.
We have also analyzed the conservation pattern of the C-terminal domain, which was predicted to contain 16 ␤-strands and displays a significant similarity to FhaC. The domain was modeled on the basis of FhaC structure (17) . Three strongly conserved parts are observed between the cyanobacterial and the FhaC barrel domain (Fig. 5B) . One area forms the interaction surface to POTRA3 (POTRA2 in FhaC), which is presumably important for the alignment of the POTRA domains relative to the transmembrane domain. A second patch of conserved residues is localized around the N-and C-terminal part of the barrel (strands ␤1, ␤16, and ␤15). These features may originate from two different constraints. First, the C termini of outer membrane proteins (OMPs) in bacteria and mitochondria are conserved in that they express so called ␤-signals, which are important for the recognition and insertion by the assembly machineries (which in this case is self-recognition). Second, the lateral release of a newly assembled OMP was postulated to occur as a stepwise process where part of the OMP is temporarily included into the vicinity between ␤1 and ␤16 (6). A similar mechanism has been proposed for the Sam50 protein from mitochondria. Finally, the long loop L6 folding back into the ␤-barrel is well conserved between FhaC and cyOmp85. This loop has been implied in FHA export and may be responsible for the assembly of OMPs by cyOmp85 as well. The structure is color-coded from the N terminus (NT, blue) to the C terminus (CT, red). Interfaces connecting the POTRA domains are enlarged, and residues contributing to the interface contacts are labeled. B, schematic view of the POTRA domain fold. A ␤-sheet consisting of three ␤-strands is flanked by two ␣-helices, yielding a topology of ␤1-␣1-␣2-␤2-␤3. C, structure superposition of the three TeOmp85 POTRA domains shown in blue (PD1), green (PD2), and red (PD3). An unusual protrusion present only in the ␤2 strand of PD2 is marked by an arrow. D, superposition of the two N-terminal POTRA domains of TeOmp85 (TeOmp85-PD1) and E. coli Omp85 (BamA, EcOmp85-PD1). Identical residues identified in the superposition are highlighted in stick representation. E, structure alignment of the entire FhaC Omp85-like export protein (in blue) with the N-terminal portion of TeOmp85 (in orange). POTRA domains one and two of the integral transporter align well with POTRA domains PD2 and PD3 of the TeOmp85 protein. The potential substrate-binding site located in the first POTRA domain of FhaC is marked. The overall representation is a good model for the full cyOmp85 structure. rial Omp85), albeit this would be a logical intermediate in the evolution of these proteins. The TPSS proteins do not represent this intermediate, as their C-terminal POTRA domain does not correspond to the C-terminal POTRA domain of all other proteins discussed here, and their N-terminal domain seems to correspond best to the much later acquired POTRA2 from both proteobacterial and cyanobacterial Omp85.
The different number of POTRA domains in Sam50 (one), cyOmp85 and Toc75 (three), and Omp85 (mostly five) has also to be seen in the context that the protein forms complexes with other proteins. To date, it remains unknown whether or not cyOmp85 forms complexes, but Sam50 forms a complex with Sam37, Sam35, and Mdm10; Toc75-III is found in a complex with Toc64, Toc34, and Toc159 (9) proteins, and several Omp85s have been reported to coordinate a number of lipoproteins (4), none of which are found in T. elongatus. The interaction with the complex partners is most likely also accomplished by the POTRA domains, so that not all POTRA domains are involved in interactions with the substrate proteins. Examples from Fusobacteria and Myxococcales show that until now the domains are recombined to form proteins with different numbers of POTRA domains, to optimize the still not understood mechanism of Omp85.
